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Abstract  

Although vast quan t i t i e s  o f  subbituminous coa ls  a r e  loca ted  i n  the  Southwestern 
U. S . ,  severe technica l  problems e x i s t  i n  u t i l i z i n g  t h i s  resource.  Much of 
these  coa ls  occur a t  depths where sur face  mining is not f eas ib l e .  Even i f  t h i s  
were not t h e  case,  a combination of l imi t ed  water a v a i l a b i l i t y  and environmental 
cont ro ls  suggests t ha t  rapid expansion of coa l  u t i l i z a t i o n  is not f eas ib l e .  N e w  
technologies m u s t  be developed t o  explo i t  t h e  known, vast  coa l  resources i n  t h i s  
region. 

Deta i l s  w i l l  be given on one such proposed process t h a t  involves a preliminary 
pyro lys i s  s t ep  followed by CO2-O2 gas i f i ca t ion .  
y i e ld  both a hydrocarbon and a medium -Btu gas product stream. 
western subbituminous coa ls  appear w e l l  s u i t e d  f o r  an i n i t i a l  hydrocarbon 
removal s tep.  
remove some 35% of t he  ava i lab le  carbon by reductive pyro lys i s .  
semi-char has been shown t o  maintain adquate r e a c t i v i t y  f o r  eventual gas i f i ca t ion .  

Preliminary laboratory and engineering analyses f o r  t h i s  udderground coal 
convers ion technology a r e  described . 

This  process is designed to  
Arid, south- 

Studies suggest t ha t  C02 is an adequate reagent t o  e f f i c i e n t l y  
The r e s u l t i n g  
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COMBINED C02-02 UNDERGROUND PYROLYSIS-GASIFICATION FOR SOUTHWESTERN COALS 

Large enough coa l  resources have been i d e n t i f i e d  i n  t h e  Southwestern 
regions o f  t h e  United States t o  permit planning f o r  increases  i n  coal u t i l i z a -  
t i o n  t o  meet thb s i g n i f i c a n t  energy needs of t h e  Western s t a t e s .  (1.2) 
reemphasis upon coa l  is timely as proven reserves  of  both o i l  and gas a r e  
declining. (3) Yet,  marked increases  i n  coal u t i l i z a t i o n  a r e  l imi ted  by a 
var ie ty  of environmental and technological f ac to r s .  

This 

Only a smal l  f r a c t i o n ,  probably less than 5%, o f  the  known coal resource 
can be extracted using su r face  mining technology. ( 4 )  Iden t i f i ed  s e a m  show 
d ip ,  f a l l i n g  rap id ly  out of su r f ace  mining reach. Lent icu lar ,  t h i n  and 
multiple seams of  considerable depth suggest t h a t  underground mining may not 
be a t  t r a c t i v e  . 

Increased coa l  u t i l i z a t i o n  using t h e  remaining surface-minable coa l  may 
a l so  be d i f f i c u l t  t o  r e a l i z e .  (5) Opposition to  increased s t r i p  mining is 
appearing. Stack cleaning of combustion gases from these  high ash, low 
su r fu r  mater ia l s  has proven d i f f i c u l t .  There remain ser ious  questions about 
t h e  adv i sab i l i t y  of increased combustion f a c i l i t i e s .  Any s ign i f i can t  increase  
i n  coal u t i l i z a t i o n  wi th in  t h e  a r i d  Southwestern region w i l l  a l s o  be  l imi ted  
by water a v a i l a b i l i t y .  
i d e n t i f i e d ,  i t  is not obvious tha t  t h i s  water can be  readi ly  consumed f o r  
indust r ial  processing. ) 

(Although l imi t ed  brackish  aqu i f e r s  have been 

These f ac to r s ,  a combination of technological and environmental concerns, 
have already slowed a s e r i e s  of  p ro jec t s  t h a t  were designed to  increase  coa l  
u t i l i z a t i o n  i n  t h e  Southwest'ern United S t a t e s .  (5) It is becoming ever more 
obvious t h a t  the  unique mixture of reg iona l  condi t ions  leads  t o  problems tha t  
a r e  not r ead i ly  addressed with ex i s t ing  technology. There i s  only a l imi ted  
quantity of coa l ,  using su r face  mining, t h a t  can be ex t rac ted  and tha t  coal 
is not e a s i l y  used i n  combustion f a c i l i t i e s .  The concept presented i n  t h i s  
paper i s  one approach t h a t  appears t o  have promise i n  expanding coal production 
i n  the Southwestern United States without moving i n t o  d i f f i c u l t  and possibly 
r e s t r a in ing  f ac to r s .  

"Chemically mining" coa l ,  underground conversion to  gaseous o r  l i q u i d  
fue l s ,  i s  hardly a new idea (6 ) .  
coincident s o c i e t i a l  and environmental cos t s  of conventional mining has 
in t r igued  mankind fo r  decades. (7,8) Part ia l  underground combustion ,"under- 
ground coa l  gas i f i ca t ion , "  has been ac t ive ly  explored i n  t h e  Soviet  Union 
during t h e  last f i f t y  years ( 7 ) .  After some disappointing r e s u l t s  i n  Alabama 
during the  ~O'S, underground coal gas i f i ca t ion  programs a r e  again ac t ive  i n  
t h e  United S t a t e s .  (9) 
demonstrating underground coal gas i f i ca t ion  i n  th i ck ,  subbituminous coals 
i n  Wyoming. (10) Lawrence L i v e m r e  Laboratory is exploring a concept of 

The thought of u t i l i z i n g  coal without t h e  

The Laramie Energy Research Center dur ren t ly  is 
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oxygen-steam gas i f i ca t ion ,  again i n  t h e  coal f i e l d s  of Wyoming. (11) 
Morgantown Energy Research Center has begun s t u d i e s  exploring gas i f i ca t ion  
i n  Eastern bituminous coa ls .  (12) I n i t i a l  commercial t e s t s  are being evaluat-  
ed using l i g n i t e  beds i n  Texas. Concurrently, tests a r e  a l so  planned i n  
Canada and i n  Belgium. However, none of t hese  o the r  experimental programs a r e  
turned t o  address t h e  p a r t i c u l a r  technica l  problems t h a t  now ex i s t  i n  t h e  
Southwestern region of t h e  United S ta t e s .  

The 

TWO STAGE PYROLYSIS-GASIFICATION 

The underground coa l  ex t rac t ion  process proposed here  is shown schematic- 
a l l y  i n  Figure 1. 
previously t r ea t ed ,  underground coal seam. This reac t ion ,  fed by an oxygen 
r i ch  feed and moderated with CO , produces a continuous supply of a low-Btu 
gas. Carbon dioxide replaces t g e  more conventional steam in jec t ion .  This 
gas stream e x i t s  from t h e  underground generator at elevated temperatures. 
Anticipated l e v e l s  of s u l f u r ,  n i t rogen  and p a r t i c u l a t e  matter i n  t h i s  gas 
d i c t a t e  that  gas cleaning is e s s e n t i a l  p r i o r  t o  u t i l i z a t i o n .  
more eas i ly  accomplished a t  lower temperatures. Consequently, t h e  gas is 
f i r s t  fed through a hea t  exchanger and then i n t o  a gas cleaning operation. 
In  the  cleaning process,  t h e  gas i s  a l s o  s t r ipped  of CO and s u l f u r  leav ing  
a combustible gas f o r  u t i l i z a t i o n .  I n  order  t o  maintain reasonable s i z e s  of 
t h e  cleaning equipment, t h e  gas is f i r s t  p ressur ized .  Exi t ing  gas steams a r e  
a l s o  a t  pressure and might be t ranspor ted  some d is tance  p r i o r  t o  f i n a l  usage. 
U t i l i za t ion  of t h i s  cleaned product gas should cause no mre environmental 
degradation than methane combustion. 

On t h e  lower left-hand-side, gas i f i ca t ion  occurs i n  a 

This process i s  

2 

Carbon dioxide,  ex t rac ted  during the  gas cleaning process,  is heated 
using the  sens ib l e  hea t  from the  gas i f i ca t ion  process and is then used f o r  
two purposes. Pa r t  of the  gas i s  fed back i n t o  t h e  g a s i f i e r  f o r  regenera t ive  
cont ro l .  The remainder i s  fed i n t o  another,  ad jacent  coa l  seam. This process,  
a hot gas preconditioning s t ep ,  d r i e s  and p a r t i a l l y  pryolyses t h e  v i r g i n  coa l  
leav ing  a seam of open and uniform poros i ty  with cont ro l led  r e a c t i v i t y .  
Fyrolysis products,  moisture,  l i q u i d  and gaseous hydrocarbons ; a r e  brought 
t o  the  sur face ,  co l lec ted ,  and shipped t o  a hydrocarbon processing p l an t .  
Following adequate reduct ive  pyro lys i s  (with hot COz), t h e  gas stream is  
changed t o  a mixture containing oxygen and t h e  hot coa l  bed is gas i f i ed .  
Another, adjacent seam, following manifolding and seam opening, i s  then  used 
f o r  t he  s i t e  of t h e  next pyro lys i s  sec t ion .  

The ove ra l l  process i s  designed t o  i n i t i a l l y  convert coa l ,  using hot 
gas flows, i n to  a stream of l i q u i d  hydrocarbons t h a t  could p a r t i a l l y  suppli-  
ment ex is t ing  sources of petroleum feed s tocks .  During t h i s  process t h e  mass 
t r a n s f e r  proper t ies  and t h e  chemical r e a c t i v i t i e s  of t he  coal. seam are 
modified heaving a highly porous bed f o r  subsequent gas i f i ca t ion .  This type 
of  process is designed f o r  the  high v o l a t i l e  conten t ,  subbituminous coals 
found i n  the  Southwestern United S ta t e s .  
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DRYING AND PYROLYSIS OF SOUTHWESTERN COALS 

Coals located i n  the  Southwest a r e  t y p i c a l l y  of  subbituminous rank. (4) 
However, unl ike t h e  majori ty  of such low-rank coa l s ,  t hese  seam contain 
only a modest amount of water. Ten per  cent  moisture,  is perhaps an average 
value although analyses  of core segments can show values  near  3%. (13) 
Previous underground coal  g a s i f i c a t i o n  shows t h a t  water  plays a key r o l e  i n  
underground processing fo r  t h i s  compounds a c t s  a s  a major chemical r eac t an t  
t h a t  can e a s i l y  degrade gas qual i ty .  (14) Water is a l s o  an important heat  
t r ans fe r  agent.  Equally important, however, is t h e  f a c t  t h a t  water i s  a key 
factor  i n  seam permeabili ty.  Consequently, moisture control  underground must 
be a major considerat ion i n  any underground g a s i f i c a t i o n  process.  

Permeabili ty of underground coa l  seams is a d i f f i c u l t  parameter t o  
accurately determine. It appears t h a t  many of t hese  subbituminous coals  
natural ly  show low permeabi l i t ies  i n  t h e  range of 0 .1  mD. 
from these coals  enchances t h e  permeabili ty by a t  l e a s t  t h r e e  orders  of magni- 
tude.  (15) This behavior is r ead i ly  understandable i f  one considers  coa l  
a so l id ,  perhaps a hardened g e l ,  with various-sized interconnect ing pores 
and c a p i l l a r i e s .  
50 nm (5x lom8 cm) (16) and t h a t  t hese  pores give coa l  a molecular-sieve 
property. Certain molecules appear t o  be ab le  t o  pene t r a t e  t h e  coal  s t ruc -  
t u r e  while o the r ,  not  necessa r i ly  l a r g e r  ones, a r e  excluded. Temperature 
plays an important r o l e  i n  gas t r anspor t  w i th in  pore s t r u c t u r e s  of t h i s  type.  

Removing moisture 

W e  assume t h a t  t h e  majority of t h e s e  pores a r e  l e s s  than 

Moisture i n  pore s t r u c t u r e s  of these coa l s  e f f ec t ive ly  f i l l s  pores, due 
t o  the t e t r a h e d r a l  bonding c a p a b i l i t i e s  of  water,  in a three-dimensional 
manner e f f i c i e n t l y  c losing the  ma te r i a l  t o  mass t r anspor t .  ( 1 7 )  (These low 
rank coals ,  due t o  t h e i r  high heteroatom content ,  t y p i c a l l y  show hydrophi l l ic  
behavior.) Removing t h e  moisture e f f e c t i v e l y  r equ i r e s  an agent t h a t  opens 
pore s t ruc tu re .  Carbon dioxide is e f f e c t i v e  i n  doing t h i s  f o r  l i k e  water ,  
C02 a l so  f i rmly adsorbs onto coal  su r f aces  but unl ike water,  C02 i s  not cap- 
ab le  of f i l l i n g  pore i n t e r i o r s .  Rather one can assume tha t  once a monolayer 
of t h i s  gas has adsorbed, t h e  i n t e r i o r  of t he  pore remains open. 
t h e  f i r s t  important reason f o r  moisture removal is t o  gain enchanced perme- 
a b i l i t y  both t o  move l i q u i d s  and t o  cut  down on pumping work requirements 
during t h e ,  g a s i f i c a t i o n  process.  

Consequently, 

Moisture a l s o  degrades the  gas i f i ca t ion  process.  F i r s t  steam formation 
lowers process temperatures increasing C02 .production. (14)  Secondly, t h e  
react ion of carbon monoxide with moisture 1s no t  advantageous f o r  then CO is 
converted i n t o  a mixture of gases (H2 and C02) with approximately t h e  same 
t o t a l  hea t  content but  twice t h e  volume. 
zone should cool that zone, decteasing t h e  e f f e c t i v e  residence t i m e  for CO 
production. 
i s  f i r s t  removed from t h e  g a s i f i c a t i o n  process p r i o r  t o  CO generation. 
water removal seems f e a s i b l e  i n  Southwestern subbituminous coa l s  by hot  gas 
treatment.  

Las t ly ,  moisture i n  t h e  reduction 

A l l  of t hese  reasons suggest t h a t  one w i l l  be  f a r  ahead i f  water 
Such 
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Hot gas drying-pyrolysis requi res  t h e  t r anspor t  of s ign i f i can t  quan t i t i e s  
of gases - f i r s t  ca lcu la t ions  suggest t h a t  approximately one l i t e r  of  hot gas 
i s  needed t o  pyrolyze one gram of coa l .  Moreover, t h a t  1 gram of c o a l  (volume 
approximately 0.65 cm3) is converted t o  gaseous products with a volume, a t  
STP, o f  250 cm3. Moving these  quan t i t i e s  requi res  t h a t  t h e  s e a m  have reason- 
a b l e  flow cha rac t e r i s t i c s .  It seems unl ike ly  t h a t  v i r g i n  coa l  w i l l  show high 
enough permeabili ty t o  r ead i ly  move s u f f i c i e n t l y  l a r g e  q u a n t i t i e s  o f  gases.  
Consequently it may b e  necessary t o  develop seam opening techniques such as 
long  range explosively dr iven  penet ra tors ,  e l ec t ro l ink ing ,  d i rec ted  chemical 
leaching ,  e t c .  Evidence suggests t h a t  i n i t i a l  opening is feas ib l e .  (18) 
Moreover, carbon dioxide appears e spec ia l ly  s u i t a b l e  f o r  add i t iona l  seam open- 
ing. This gas exh ib i t s  a high thermal conduct iv i ty  and a low gas v i scos i ty  
suggesting t h a t  fo r  a primary heat t r a n s f e r  agent ,  C02 can be  de l ivered  with 
minimum pumping cos ts .  
enhance flow parameters, then  addi t iona l  flows can be maintained. 

Once a segment of t h e  seam has  been pyrolyzed t o  

However, even i f  enchanced permeabi l i t i es  can be  obtained, seam hea t ing  
using hot gas flows cannot be done rap id ly  without l a r g e  pumping cos t s ,  l a r g e  
quan t i t i e s  of hea t  and C02. 
pyro lys i s  s t e p  is t i e d  t o  t h a t  gas i f i ca t ion ,  then pyro lys i s  must a l s o  be done 
slowly. One can assume tha t  t h e  hea t ing  process may take  severaI.months t o  
accomplish. Should coa l  no t  be an e f f i c i e n t  i n su la to r ,  heat l o s ses  would 
prove prohib i t ive .  However, unlike convective hea t  t r anspor t  which w i l l  be 
promoted during the  drying process,  conductive hea t  t ranspor t  is i n e f f i c i e n t  i n  
coal.  Thermal conduct iv i t ies  near 0 .1  W/MK are w e l l  known. (19) In t he  
absence of convection, heated coa l  w i l l  remain at high temperatures f o r  long 
per iods  of t i m e .  Such da ta  is shown i n  Figure 2. These da ta  show t h e  thermal 
waves measured a t  t h r e e  d i f f e ren t  d i s tances  ( f i v e ,  t e n  and 20 f e e t )  from a 
950° F w a l l  as a function of t i m e .  Heat, under these  condi t ions ,  w i l l  b e  
contained f o r  years  i n  a coa l  volume and w i l l  remain t h e r e  u n t i l  convective 
processes ex t r ac t  i t .  
tu re s  during t h e  gas i f i ca t ion  s t e p .  Since necessary temperatures need be  near  
1000° C ,  t h i s  i s  an important energy cont r ibu t ion .  

GASIFICATION OF DRIED SOUTHWESTERN COALS 

Since g a s i f i c a t i o n  i s  a slow process,  and t h e  

This heat w i l l  be  ava i l ab le  t o  increase  process tempera- 

Following the  pyro lys i s  s t ep ,  some 35% of the  i n i t i a l  mass of t h e  coal 
(as  received) might be  removed i n  a hydrogen-rich f r ac t ion .  Laboratory s t u d i e s  
suggest t ha t  t h e  remaining semi-char w i l l  exh ib i t  low and interconnected 
permeability. (13) 
depleted material with oxygen is decreased somewhat from t h a t  over t h e  v i r g i n  
mater ia l ;  however t h i s  decrease ( r eac t ion  rates are slower by less than  a 
f ac to r  of two) should s t i l l  leave s u f f i c i e n t  r eac t iv i ty  f o r  t h e  gas i f i ca t ion  
process. (20) 

Other s tud ie s  show t h a t  t h e  r e a c t i v i t y  of t h i s  hydrogen- 

Gas i f ica t ion  on a hydrogen-depleted char leads ,  p r imar i ly ,  t o  a stream 
of CO. 
s o  s i n c e  u t i l i z a t i o n  can be i n  a con t ro l l ed  i n d u s t r i a l  atmosphere wi th  l i t t l e  

The u t i l i z a t i o n  of t h i s  gas presents  many p o s s i b i l i t i e s  e spec ia l ly  
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concurrent hea l th  hazards.  
gas t o  o the r  ma te r i a l s ,  e.g., methane, methanol, e t c . ,  although ce r t a in ly  
these options exist. 

There seem t o  be  no reason t o  convert t h i s  product 

ENGINEERING ANALYSTS OF THE COMBINED PYROLYSIS-GASIFICATION PROCESS 

I n i t i a l  engineering analyses have been completed on t h i s  udderground 
coa l  gas i f i ca t ion  process .  This combined-cycle process is somewhat s imi l a r  
t o  o ther  above-ground f a c i l i t i e s .  For ins tance ,  t h e r e  is good s i m i l a r i t y  
between t h i s  underground process and a low-Btu gas generatorlgqs cleanup/ 
e l e c t r i c i t y  generator system. However, i n  t h e  present  case ,  t h e  majority 
of t h e  processes occur underground. 
advantages-residence t i m e s  can be extended without changing cos t s  - as w e l l  
a s  some d i s t i n c t  advantages - pumping work can wel l  be excessive and control 
can be d i f f i c u l t  - over conventional coal processing f a c i l i t i e s .  

Underground processing o f f e r s  some d i s t inc t  

The r e s u l t s  f o r  these  s tud ie s  are based on t h e  engineering flow diagram 
shown i n  Figure 3. This f igu re  shows two separa te ,  interconnected processes, 
t h e  gas i f i ca t ion  pa th ,  hea t  removal, p re s su r i za t ion ,  gas cleanup and then  
u t i l i z a t i o n .  
Waste hea t  and carbon dioxide a re  s t r ipped  from t h e  gas i f i ca t ion  process 
t o  run t h e  lower cyc le ,  t h e  hot gas pyro lys i s  s t ep .  

(The cos t  p ro jec t ions  a r e  sca led  t o  supply a 1,000 MWe p lan t . )  

. i  

Projected annual consumption and production f igu res  are l i s t e d  in Table 

One can see  tha t  such an opera- 
1 (Again, t hese  a r e  pro jec ted  f o r  a 1,000 W e  p1ant;hydrocarbon pro jec t ions  
a r e  taken from labora tory  pyro y s i s  da t a . ) .  

low m l e c u l a r  weight hydrocarbons, higher molecular weight hydrocarbons 
(pyrolyzed l i q u i d s ) ,  s u l f u r  and pressure-volume work. (This l a t t e r  r e s u l t s  
from p res su r i za t ion  of t h e  output stream. The work equivalent contained i n  
t h i s  gas  volume is 50 MW. 
opera t ing  p l an t  u t i l i t i e s . )  

t i o n  would consume some 4 x 10  t tons of coal annually and produce e l e c t r i c i t y ,  

Most probably t h i s  work would be  expended in 

There a r e  two d i f f e r e n t  resource recovery aspec ts  t o  consider.  
f i r s t  is t h e  f r a c t i o n  of t h e  t o t a l  coa l  contained i n  the  seam t h a t  is recover- 
ed; the  second is t h e  cosi= of recovering a p a r t i c u l a r  quant i ty  of energy 
contained in a segment of t h e  coa l .  
considerations a r e  important.  It is u n r e a l i s t i c  t o  th ink  tha t  underground 
coal processing w i l l  ever show recovery e f f i c i e n c i e s  t h a t  approach 1OOX.  
However, these  da t a  do suggest t h a t  underground pyro lys is -gas i f ica t ion  can 
lead  to  a favorable f inanc ia l  and energy re turn .  

The 

Obviously, both of these  recovery 

Resource recovery considerations a r e  i n t e r r e l a t e d  t o  a wide va r i e ty  of 
For ins tance ,  subsidence i n  previous underground coa l  d i f f e ren t  t op ic s .  

gas i f i ca t ion  has been a major problem. 
manifolding i n s t a l l a t i o n s .  
Above ground bui ld ings  t i l t ,  causing s t r u c t u r a l  damage. 
t h e  optimum system f o r  underground coa l  pyro lys i s -gas i f ica t ion  may w e l l  

Pipes sever ,  ru in ing  expensive 
Cracks open, allowing excessive gas escapages. 

It appears t ha t  
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leave enough coal underground t o  minimize subsidence. 
unlike current room-and-pillar techniques of underground mining, a technique 
used f o r  exac t ly  the  same reason.) 
need t o  be answered before  one can accurately define the  economics of  resource 
recoveryr What is now c l e a r ,  however, i s  t h a t  without ca re fu l  cont ro l  of 
t h e  underground process,  t h e  optimization of resource recovery may not be 
poss ib le .  

(This would not  be 

These and o ther  site s p e c i f i c  questions 

Another important consideration i s  t h e  cos t  of t he  produced f u e l  gas. 
Preliminary da ta  a r e  shown f o r  t h i s  pro jec t ion  i n  Table 2. 
were taken from similar s tud ie s  es t imat ing  cos ts  fo r  above ground su r face  
gas i f i ca t ion  t o  produce a low-Btu gas. (21) The operating and maintenance 
cos t  charge nothing f o r  t h e  cost  of t h e  fue l ;  $12.3 mi l l ion  is t h e  an t i c ipa t -  
ed annual f i e l d  development charge. Bottom l i n e  pro jec t ions  must be a l t e r e d  
t o  include taxes-royalty on the  coa l  consumed. These pnojections show tha t  
each $1.00 ton o r  roya l ty  increases  t h e  cost  of t h e  f i n a l  product by about 
10c/106 BTU. 
cos t s  t o  $1.56/106 Btu. 
over t he  l i f e t i m e  of t h e  p l an t .  

Costs pro jec t ions  

Thus a $3.50/ton of coal consumed increases  t h e  f i n a l  f u e l  
This projected favorable cost  should remain s t a b l e  

The da ta  lend t o  seve ra l  i n t e r e s t i n g  conclusions. Foremost of t hese  is 
t h a t  t h e  f i e l d  development charges a r e  not an important f ac to r .  (These pro- 
j ec t ions  were ca lcu la ted  f o r  a 7.6 m (25 foot)  seam loca ted  152 m (500 f t . )  
below the  sur face  using 7.6 m (25 f t . )  wel l  spacing. Charges f o r  increased 
f i e l d  development a re ,  however, most influenced by changes i n  t h e  pumping work. 
Large amounts of energy are expended i n  moving gases underground. Costs a r e  
r e f l ec t ed  i n  t h e  high annual c a p i t a l  charges. Increases i n  underground 
permeability gained, f o r  ins tance ,  i n  decreasing well  spacing may be a wise 
investment. Second, t h e  d i f f i c u l t  technology is, t o  a l a rge  ex ten t ,  below 
ground. 
low temperature gas cleaning, a r e  a l l  off-the-shelf systems. This is a l s o  
t r u e  f o r  e l e c t r i c i t y  generating systems - conventional gas turb ines  can be 
incorporated without concern f o r  high temperature corrosion and abrasion. 
These da ta  a l so  suggest t h a t  gas leakage, concurrent subsidence, and water 
i n f lux ,  f ac to r s  t ha t  can uncontrollably change t h e  underground chemistry and 
rheology a r e  the  th ings  t h a t  r e a l l y  most in f luence  t h e  economics of t h e  
process. Therefore, t h e  program at Los Alams S c i e n t i f i c  Laboratory has been 
designed t o  ca re fu l ly  inves t iga t e  these  seve ra l  aspects of t he  underground 
process. 

TECHNOLOGY DEVELOPMENT PROGRAM 

Gas handling and cleaning systems, i f  one accepts t h e  eventua l i ty  of 

Studies a r e  now exploring the  processes of concurrent hea t  and mass 
t r a n s f e r  through Southwestern subbituminous coa ls .  Central  t o  these  i n i t i a l  
s tud ie s  is the  problem of moisture removal and permeabili ty modification by 
hot gas treatment.  Laboratory da ta  w i l l  be obtained on r ep resen ta t ive  coal 
blocks t o  iden t i fy  necessary k i n e t i c  parameters of concurrent hea t  and mass 
t r ans fe r .  These da ta  a r e  e s s e n t i a l  for mathematical modeling of t hese  
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underground processes.  
and lead t o  suggest manifolding techniques. 

These modeling a c t i v i t i e s  w i l l  p red ic t  flow p ro f i l e s  

Studies a l s o  w i l l  explore the  i n t e r r e l a t e d  problems of resource re- 
covery and environmental impact. An appreciation now e x i s t s  t ha t  environ- 
mental degradation due to  gas leakages, t o  various subsidences and to ground- 
water contamination is i n t e r r e l a t e d  with resource recovery. The economic 
trade-offs between a "contained" underground operation and recovery e f f ic iency  
a re  also under s tudy .  

These labora tory  and ana ly t i ca l  s tud ie s  w i l l  s e rve  as input  i n to  planning 
f o r  a s e r i e s  of con t ro l l ed  f i e l d  tests using Southwestern subbituminous coals.  
These t e s t s  w i l l  ope ra t e  on a segment of coal somewhat c lose  t o  t h e  sur face ,  
perhaps nea r  15 m (50 f e e t )  deep. 
i so la ted  from t h e  r e s t  of  t h e  seam. One f eas ib l e  way t o  perform t h i s  i so l a t ion  
is t o  cons t ruc t  a concrete-pier wall from the  sur face ,  through t h e  seam and 
par t  way in to  t h e  underburden. A representa t ion  of a sec t ion  of t h i s  contain- 
ment wall  is shown i n  Figure 4 .  
pat te rn  def in ing  a coal s ec t ion  15 m x 15 m (50 f t  x 50 f t ) .  Feed and cont ro l  
pipes w i l l  then be in se r t ed  i n t o  the  coal.  
behind t h e  wal l ,  "water cooling" pipes,  t o  maintain t h e  i n t e g r i t y  of the  wall  
and assure t h a t  t h e  f i r e  can ' t  move out of t he  contained sec t ion .  
some s o r t  of subsidence cont ro l  w i l l  be e s sen t i a l .  

F i r s t  a defined region of t he  coal w i l l  be 

Concrete p i l e s  w i l l  be  l a i d  i n  a rectangular 

Important here  a r e  pipes placed 

Undoubtedly, 

Although t h i s  experimental arrangement has some s i m i l a r i t y  t o  laboratory 

One needs t o  work with v i rg in  
block t e s t s ,  s eve ra l  important fea tures  suggest t ha t  t h i s  approach is necessary 
t o  l e a r n  which r e a l l y  t akes  p l ace  underground. 
coa l ,  wi th  underground m i s t u r e  and gas content i n t a c t .  Yet one needs t o  
be assured of  defined m a s s  balances. The th rus t  behind these  s tud ie s  i s  t o  
obtain d e f i n i t i v e  answers about flows, chemical and heat balances and resource 
recovery. lbo sepa ra t e  t e s t s  a r e  planned. The f i r s t  of these  w i l l  s tudy 
the  drying and pryolys is  of a coal sec t ion .  Following seam opening, d i rec ted  
flows of hot gases w i l l  pass through a coal s ec t ion .  Pyrolysis w i l l  be 
ca r r i ed  on f o r  a f ixed  period and then quenched. 
w i l l  be made on t h e  block. A second test w i l l  again study the  drying and 
pyrolysis of a second block; however, t h i s  t e s t  w i l l  be  ca r r i ed  through a 
gas i f i ca t ion  s t age  p r i o r  t o  t h e  f i n a l  post  mortem. 
provide da t a  f o r  subsequent planning and la rge-sca le  commercialization. 

Detailed postmortem analyses 

These f i e l d  tests w i l l  
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TABLE 1: RESOURCE FLOW AND PRODUCTION PROJECTIONS FOR TWO-STAGE PYROLYSIS 

GASIFICATION UNDERGROUND COAL UTILIZATION FACILITY 

A. INPUT STREAMS (ANNUAL RATES) 

Caal Consumed . . . . . . . . . . . . . . . . . . . .  3.51 x lo6 tonsa 

Air Consumed . . . . . . . . . . . . . . . . . . . .  .8.03 x lo9 s c f  

Water Consumed . . . . . . . . . . . . . . . . . . .  . neg l ig ib l e  ne t  input 

B. OUTPUT STREAMS (ANNUAL QUANTITIES) 

E l e c t r i c i t y  8.77x109 KWh $O.O3/KWh $ 2.63 x lo8 
Low MW H C ' s b  1 . 0 8 ~ l O ~ ~ B t u  $1.50/106Btu $ 1.62 107 
High MW HC's'1.26 x lo6 B a r .  $ lO/bar re l  $ 1.26 lo7 

PV Work 4.38 x lo8 KWh $0.03/KWh $ 1.31 l o 7  
Raw Sul fur  9.70 x l o7  lbs. $ 50/ton $ 2.43 x lo6 

Annual Value 

Per Ton Coal $88.55 

$ 3.07 x lo8 

a Assuming a 25' coal seam, annual a r ea  o f  seam addressed is (20/f ac re s )  
where f = f rac t ion  recovered, i . e . ,  i f  ha l f  of t he  coal i s  consumed, then 
coa l  under 40 (20/0.5) acres  would be consumed. 

Low molecular weight hydrocarbons, mainly C 1  - C4 hydrocarbons, gases 

High molecular weight hydrocarbons, mainly C5 - C 

Other po ten t i a l  products,  e spec ia l ly  a m n i a ,  are not l i s t e d .  

hydrocarbons, l i q u i d s  9 
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TABLE 2: LASL TWO STAGE C02-02 UNDERGROUND COAL EXTRACTION-ECONOMIC PROJECTIONS 

OPERATION AND MAIWENANCE 

Coal Feedstock 
F ie ld  Developmenta 
P lan t  Operation 
Administ r a t  ion 
Misc. Taxes 

DEPRECIATION 

CAPITAL CHARGES 

BYPRODUCT REVENUES 

TOTAL ESTIMATED COSTS 

ANNUAL 
COST (K$) BASIS 

0 
12,300 25 f t .  w e l l  spacing 
10,440 

5,760 
4,160 1.1% o f  p l an t  investment 

$32,680 

17,860 4.7% o f  p l a n t  investment 

57,000 15% of  p l an t  investment 

(11,000) estimated market value 

$96,540 

ESTIMATED COSTS PER l o 6  BTU $1.21 

ESTIMATED COSTS INCLUDING 
ROYALTY OF $3.50/ton coa l  $1.56 

Costs ca l cu la t ed  assuming mid 1975 completion of construction. 

Costs do no t  i nc lude  c a p i t a l  o r  opera t ing  cos t s  f o r  e l e c t r i c i t y  
generation or hydrocarbon separa t ion  f a c i l i t i e s .  
from hydrocarbons a r e  likewise neglected.  

Po ten t i a l  revenues 
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Figure 1: Two Stage Underground Gasification and w r o l y s i s  Fac i l i ty  
For Uti l i za t ion  of  Deeply Lying Southwestern Subbituminous Coals. 
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Thermal Waves Resulting from 950°F Wall 5 ,  10 and 20 f ee t  
In  Coal with c i  = 0.005 f t2 /hr .  

Figure 2:  
Conduction Only. 
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Figure 3: Flow Diagram o f  Above Ground and Below Ground Processing F a c i l i t i e s  
for  Two-Stage C02-02 Process. ( A l l  process s t e p s  except i n  in-s i tu 
gas i f icat ion and drying and pyrolysis  are above ground) 
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